The feasibility of using linkage disequilbrium (LD) to fine-map loci underlying natural variation in Arabidopsis thaliana was investigated by looking for associations between flowering time and marker polymorphism in the genomic regions containing two candidate genes, FRI and FLC, both of which are known to contribute to natural variation in flowering. A sample of 196 accessions was used, and polymorphism was assessed by sequencing a total of 17 roughly 500-bp fragments. Using a novel Bayesian algorithm based on haplotype similarity, we demonstrate that LD could have been used to fine-map the FRI gene to a roughly 30-kb region and to identify two common loss-of-function alleles. Interestingly, because of genetic heterogeneity, simple single-marker associations would not have been able to map FRI with nearly the same precision. No clear evidence for previously unknown alleles at either locus was found, but the effect of population structure in causing false positives was evident. study of Hagenblad and Nordborg (2002), using a subset of the same markers, but a larger sample of 196 accessions. In addition to FRI we also included markers surrounding another major determinant of flowering behavior in A. thaliana, namely FLC (Michaels and Amasino 1999; Sheldon et al. 1999; Gazzani et al. 2003; Michaels et al. 2003) . Our main aim was to investigate the haplotype structure around these two candidate loci and Salk Institute studies. Accessions carrying one of the known FRI loss-of-function alleles are shown separately. From top to bottom, USC data, Salk data, and the merged data.
A DVANCES in sequencing and genotyping have trait is (or are) causative (International HapMap Consortium 2003). made it feasible to map genes underlying natural
Highly selfing species, like Arabidopsis thaliana, are in variation by searching directly for marker-trait associamany ways uniquely suitable for LD mapping (Nordtions in populations of "unrelated" individuals, so-called borg 2000; Nordborg et al. 2002) . Selfing decreases linkage disequilibrium (LD) mapping (reviewed in Nordheterozygosity, and this leads to extensive LD and haploborg and Tavaré In organisms where inbred lines are not available, such as mic extent of LD. In organisms like Drosophila melanogaster, humans, haplotypes must be either inferred or obtained where LD generally appears to decay within a few kilothrough difficult experimental techniques (e.g., mousebases, a genome-wide scan for marker-trait association human hybrid cells; see Patil et al. 2001) . Finally, perhaps would require typing almost every polymorphism (except the greatest advantage of inbred lines is that they are permaperhaps rare ones) and is therefore not practicable. On nent. Once they have been genotyped, it is possible to the other hand, it may be possible to use LD to identify measure many phenotypes, repeatedly. actual functional polymorphisms within candidate regions
Hagenblad and Nordborg (2002) investigated haplo- (Long et al. 1998; De Luca et al. 2003) . This should be type structure in the chromosomal region surrounding contrasted with species with more extensive LD, such as the A. thaliana flowering time locus FRI and found that humans; here a genome-wide scan using a subset of mark-LD in the region decayed over ‫052ف‬ kb. Their sample of ers may be a sensible proposal, but it may be difficult to 20 accessions contained three of each of two previously decide which of several polymorphisms in LD with the identified loss-of-function alleles, fri Col and fri Ler , that occur in the accessions Col and Ler, respectively (Johanson et al. 2000) . The fri Col allele appeared to be associ- study of Hagenblad and Nordborg (2002) , using a subset of the same markers, but a larger sample of 196 accessions. In addition to FRI we also included markers surrounding another major determinant of flowering behavior in A. thaliana, namely FLC (Michaels and Amasino 1999; Sheldon et al. 1999; Gazzani et al. 2003; Michaels et al. 2003) . Our main aim was to investigate the haplotype structure around these two candidate loci and Salk Institute studies. Accessions carrying one of the known FRI loss-of-function alleles are shown separately. From top to bottom, USC data, Salk data, and the merged data.
MATERIALS AND METHODS

Accessions and phenotypic measurements:
This article combines results from two separate flowering time studies. One was carried out at USC and used accessions from the Nottingham alleles at FRI. Figure 1 shows flowering time in the two studies for these three types of pairs. For accessions that appear to Arabidopsis Stock Center as well as personally collected ones ( Table 1) . The other was carried out at the Salk Institute and be genetically identical, the difference in flowering time between the two studies is well described by a linear function mainly used accessions obtained from the Arabidopsis Biological Resource Center at Ohio State University (Table 2) .
(y ϭ 2.20 ϩ 0.65x, R 2 ϭ 0.88). We used this function to transform the Salk Institute data. (Albeit somewhat crude, this Flowering time was measured in days, using unvernalized plants under long-day conditions (16 hr light/8 hr dark). suffices for our purposes. We note that the procedure is likely to decrease power to detect associations and is thus conservaPlants at USC were grown at 18Њ in growth chambers with a mixture of fluorescent and incandescent bulbs. Plants at the tive with respect to the main conclusions of this article.) Figure  2 shows the distribution of flowering times for the two studies Salk Institute were grown at 22Њ in chambers with a 3:1 mixture of Cool-white and Gro-Lux (Sylvania) fluorescent bulbs. In separately and for the merged data. Note that early flowering accessions carrying one of the two known loss-of-function alboth experiments, plants were regularly rotated within and between shelves to minimize effects of environmental heteroleles at FRI generally flowered earlier at USC than at the Salk Institute, in agreement with Figure 1 . The mean flowering geneity. Plants that did not flower within 200 days were counted as 200.
time for all accessions is much greater in the USC study, but this is because this study contained a large number of exTo be able to compare flowering times measured in different environments, we utilized the fact that the two studies had tremely late, mostly wild-collected accessions. Sequencing and genotyping: Genomic DNA was extracted several accessions in common (see Tables 1 and 2 ). However, accessions that carry the same name are by no means guaranusing standard methods. A total of 17 short fragments (8 in the FRI and 9 in the FLC region) were amplified using PCR teed to be identical: in addition to the obvious risks of contamination, many identically named accessions represent different with primers designed from the reference Arabidopsis genome sequence (available on request). All fragments were sequenced lines of descent from an original bulk collection. Our studies involved 29 putatively identical pairs of accessions: Cvi,  in both directions on Beckman CEQ sequencers.
The fri Ler promoter deletion and 16-bp fri Col deletion were Edi-0, Ler, Shahdara,  scored using the PCR primers given by Johanson et al. (2000) . In addition, we scored for the two reported insertions in FLC Shahdara, were intron 1 (Tables 1 and 2 ; see Gazzani et al. 2003; Michaels et al. 2003) . The 1.2-kb insertion characteristic of Ler was scored found to differ with respect to some polymorphic site in the regions surveyed, and four pairs using 5Ј-AAAGCCAGCGCTATCACTAAAC-3Ј and 5Ј-GAAAA GGCCACTGGAAACTATG-3Ј. The 4.2-kb insertion characterwere found to differ also with respect to the known functional (1)-12 was scored using 5Ј-TGTAACTTCAAGGGCA carry which allele, we used hierarchical clustering of haplotypes based on how frequently each pair co-occurred in the GAAAAC-3Ј and 5Ј-GAGGAAGCCAAACTCCAAATAC-3Ј and confirmed (except in the case of No-0) using 5Ј-ATCGTCTCG same "significant" cluster (e.g., one of the three most deviant clusters in the direction of early flowering). For further details CTTTTTGCTGA-3Ј (which is inside the insertion) and 5Ј-GAGGAAGCCAAACTCCAAATAC-3Ј.
see Molitor et al. (2003a,b) . To reduce computational complexity, the algorithm was run using the fragment haplotypes Basic polymorphism analysis: The per-base-pair population mutation rate was estimated using the number of segregating (as described above) as markers. This procedure throws away information about recombination and mutation within each sites. All results are shown with indel polymorphisms omitted and with identically named accessions included. Including fragment and is justified by the belief that recombination between fragments is likely to be much more important. indels or dropping possibly identical individuals had little effect on the results.
Association mapping: Marker-trait associations were sought using several different methods. First, we tested each marker RESULTS locus (SNP or indel; loci with more than two alleles were not used) individually, using the alleles as factors in a Kruskal- fri Col are removed from the sample. Despite a much smaller sample size, there are now strong associations (on the order of 10 Ϫ9 ) across the entire region. There is still little indication of where in the region FRI might lie, but it seems highly plausible that the entire region would stand out in a genome-wide scan.
The reason there is no positional information about fri Col is clear: as mentioned above, there is little evidence of recombination within this haplotype, and thus there is no decay of LD. The situation is quite different for fri Ler , as is shown in Figure 4C , where all early flowering individuals except those carrying this allele have been removed. Two markers very close to FRI are extremely rapidly on either side. There is little doubt that it would have been possible to map FRI using a sample like this one. Of course we would not have such a sample unless we already knew the answer (and were able to reduce lar polymorphism is significant or not is to compare it genetic heterogeneity). The point here is simply to demto a very large number of other markers as a genomic onstrate that the data do contain information about the negative control. This study does not have such a control location of FRI, but that this information is obscured (although we note that associations are only slightly by heterogeneity. stronger than those in the FLC region, see below). Figure 4D shows marker trait associations when the This negative result might appear surprising in light two known alleles have been removed. Although these of the fact that FRI clearly has a very large effect on two alleles explain only a fraction of the phenotypic the distribution of phenotypes (cf. Figure 2) . However, variation (cf. Figure 2) , there is no evidence for other things are not as bad as they seem at first. The reason alleles. for the lack of strong associations in the FRI region is Figure 5 , top, shows associations around FLC using genetic (allelic) heterogeneity. There are two major the entire sample. There is no evidence for any associaalleles at FRI, and they are associated with different tion. To test whether association could have been markers. The dramatic effect of this on the power of masked by genetic heterogeneity (between loci this LD mapping is best illustrated by artificially reducing time), individuals carrying the known FRI alleles were the heterogeneity. Figure 4B shows the effect on LD removed. As shown in Figure 5 , bottom, there are still no associations. when all early flowering accessions except those carrying in associations between markers. Methods that utilize this information should have greater statistical power. Given the structure of our data, a natural way to take some of the LD information into account is to look for result is largely due to clusters of Swedish accessions (Figure 9 ), and several lines of evidence suggest that it associations between the haplotypes defined by each sequenced fragment and the trait. However, as shown is a false positive due to population structure. First, a similar cluster appears in the FLC region (see below). in Figure 6 , this approach does not appear to improve localization in this case (although overall significance Second, analysis of genome-wide polymorphism data has shown that Swedish accessions are quite distinct on levels increase). The general pattern is similar to that in Figure 4 , except that the leftmost fragment in the a genome-wide level (M. Nordborg, T. T. Hu, Y. Ishino, J. Jhaveri, C. Toomajian, H. Zheng, E. Bakker, FRI region now appears to be associated with flowering time. A closer look at the pattern of polymorphism in P. Calabrese, J. Gladstone, R. Goyal, M. Jakobsson, S. Kim, Y. Morozov, B. Padhukasahasram, V. Plagthis region suggests that this is a spurious correlation caused by population structure. nol, N. A. Rosenberg, C. Shah, J. Wall, J. Wang, K. Zhao, T. Kalbfleisch, V. Schultz, M. Kreitman, and Because LD is so extensive, it seemed likely that better results could be obtained by utilizing multifragment J. Bergelson, unpublished data). We return to the issue of false positives in the discussion. haplotypes. We used a modified version of the method of Molitor et al. (2003a,b) to explore the space of all When applied to the FLC region, the spatial statistics algorithm finds a signal precisely at FLC (Figure 7) , possible haplotype clusters (see materials and methods). The method allowed us to search for different however the peak is again largely due to late-flowering Swedish accessions (Figure 10 ). While it is eminently numbers of significant clusters (i.e., alleles) and also to search separately for alleles associated with early and possible that the extreme late-flowering phenotype of these Swedish accessions could be due to allelic variation late flowering.
As long as early alleles were included in the search, at FLC, it is impossible to rule out false positives without independent data (e.g., from an experimental cross). the method invariably suggested a location within 10-20 kb on either side of the true location of FRI (Figure 7) . Interestingly, the method did not find a signal of early alleles at FLC (Figure 7) , despite the fact that our sample Closer inspection of the output reveals that the two known early alleles are responsible for this (Figure 8) .
contains several known early flowering alleles at this locus (Gazzani et al. 2003; Michaels et al. 2003) . The In other words, FRI can easily be localized using this method, genetic heterogeneity notwithstanding. algorithm did, however, identify several clusters at FLC that appear to correspond to early alleles (Figure 10 ). If the search is limited to late alleles, a location ‫05ف‬ kb upstream of FRI is suggested instead (Figure 7) . This
In particular, it clusters accessions carrying the 1.2-and 4.2-kb intron 1 insertions associated with early flowering dara and Kondara) appear to carry early FLC alleles. Caution is in order because both clusters are also geoin Ler and Da (1)-12, respectively. It also clusters a group of Central Asian accessions, at least two of which (Shahgraphically distinct and could thus easily be false posi- Figure 10. -The "late" (left tree) and "early" (right tree) clusters of FLC haplotypes at position 3176 kb in Figure 7 . Note that the peak at this position is exclusively due to the late clusters. Asterisks mark accessions that carry the insertions in FLC intron 1: one asterisk denotes a 1.2-kb insertion and two asterisks denote a 4.2-kb insertion. Number sign denotes accessions from Central Asia (see text). involved in genome-wide scans makes it difficult to em- (continued) ploy standard statistical corrections for multiple comWe note that a few carriers of these alleles do cluster with the majority: this is partially due to close recombination parisons without losing all power. Second, population structure can cause arbitrarily high false-positive rates.
events, but more often due to missing data. Missing data are also the main reason why putatively identical A possible solution to this problem is to type a large number of unlinked markers and either estimate the accessions do not always cluster together (e.g., Ler and LerK in Figure 10 ). population structure and carry out testing within appropriate subgroups (Pritchard and Rosenberg 1999;  We chose the method of Molitor et al. (2003a,b) (2000) assumes that the population is et al. 2003), and it seems likely that some of them would have performed as well. a mixture of random-mating subgroups that are appropriate for testing. It is not clear how it would work in a Variation at FRI and FLC: As shown in Figure 2 , the two loss-of-function alleles fri Col and fri Ler explain only a continuously distributed population characterized by isolation-by-distance. Another example, highly relevant minor fraction of the variation for flowering time in our sample. Various results suggest that at least some in this context, is that if the phenotype is very strongly correlated with the population structure, it may not of the remaining variation is due to additional alleles at FRI, as well as allelic variation at FLC (Sanda et al. 1997 ; be possible to eliminate all false positives without also eliminating almost all true positives. In our sample, all
Le Corre et al. 2002; Gazzani et al. 2003; Michaels et al. 2003) . Nonetheless, we were not able to identify any extremely late accessions are Swedish, and almost all Swedish accessions are extremely late.
additional alleles (at either locus) with certainty. We did find clusters of late accessions at both loci, but these An alternative approach is to obtain direct evidence of linkage by observing transmission through a pediseem most likely to be false positives due to population structure. There is little evidence for further early alleles gree. In human genetics, this approach is encapsulated in the famous "transmission-disequilibrium test," which at either locus (although the clusters observed at FLC are suggestive). utilizes parent-offspring trios to test simultaneously for linkage and linkage disequilibrium (Ewens and SpielIn general, the power of association mapping to identify a particular allele depends on how much of the man 1995). In an organism like A. thaliana, it is natural to combine LD mapping with a simple experimental phenotypic variation that allele explains (e.g., Long and Langley 1999; Zondervan and Cardon 2004) . This is cross. Either a cross would be used to verify the results of LD mapping or LD mapping would be used to refine a function of both the effect of the allele and its frequency. With a sample as small as the one used here, the results of a QTL mapping experiment. The advantage of this approach over the statistical methods menwe should expect to be able to find only common alleles with large effects, such as the two FRI alleles identified tioned above is that it is totally robust; the disadvantage is of course that extra work is required. It may be asked by Johanson et al. (2000) . Thus our results in no sense rule out there being other important alleles at FRI or why one should bother with LD mapping at all if crosses are nonetheless required. The answer to this is that FLC, but they do suggest that any such alleles are relatively rare (at least with the current sample of acceswhereas it is relatively easy to carry out a cross to verify linkage or to map a QTL roughly, fine-mapping a QTL sions). That this is the case for FRI has also been suggested by Le Corre et al. (2002) , who identified several down to 30 kb using crosses can be both expensive and time consuming (especially when working with a rare FRI alleles with nonsense mutations or frameshifts. Very few of the early flowering accessions studied by phenotype such as late flowering).
Methods for LD mapping: Our results demonstrate Le Corre et al. (2002) contained either of the two FRI alleles identified by Johanson et al. (2000) . The only that haplotype-based methods that incorporate information from multiple linked markers can be considerably way to reconcile this finding with the high frequency of these alleles in our sample is by taking geographic more powerful than methods that analyze markers one at a time, ignoring any information about LD between structure into account. It is clear from Tables 1 and 2 that fri Col is essentially a German mutation, while fri Ler markers. It may well be that the advantage of haplotypebased methods is especially pronounced in the presence has wider distribution (probably with a focus in Central or Eastern Europe). We note that both the more limited of genetic heterogeneity. As illustrated in Figure 4 , single-marker analysis is unable to localize FRI within a geographic range and the more extensive LD are consistent with fri Col being younger than fri Ler [as suggested by 250-kb region because of allelic heterogeneity. In contrast, the haplotype-based algorithm of Molitor et al.
Hagenblad and (Figure 7 ) and identifies the two major loss-of-function alleles (Figure 8) .
of accessions from France it is less surprising that they
